We study the possibility of keV neutrino dark matter in the minimal U (1) B−L gauge extension of the standard model where three right handed neutrinos are automatically included due to the requirement of anomaly cancellations. Without considering extra additional particles or symmetries, we consider the lightest right handed neutrino to be in the keV mass range which is kinematically long lived. Due to gauge interactions, such a keV neutrino can be thermally produced in the early Universe followed by decoupling while being relativistic. The final relic abundance of such keV neutrino typically overclose the Universe requiring additional mechanism to bring it under observed limits. We propose a non-standard cosmological history where a scalar field φ, that redshifts faster than radiation dominates the Universe prior to the radiation dominated era. We show that such a non-standard phase can keep the abundance of thermally generated keV neutrino dark matter within observed relic abundance. We constrain the non-standard phase, U (1) B−L parameters from these requirements and also briefly comment upon the observational aspects of such keV neutrino dark matter.
I. INTRODUCTION
The energy budget of our present Universe is constituted, in significant amount, by a non-luminous, non-baryonic form of matter, known as dark matter (DM). According to the latest data from the Planck satellite mission [1] , DM accounts for around 26% of our Universe at present, which is often quoted in terms of density parameter Ω and h = (Hubble Parameter)/(100 kms −1 Mpc −1 ) as [1] Ω DM h 2 = 0.1186 ± 0.0020.
Apart from such cosmology experiments, there are evidence from astrophysics based experiments as well, like the galaxy cluster observations by Fritz Zwicky [2] back in 1933, observations of galaxy rotation curves in 1970's [3] , the more recent observation of the bullet cluster [4] among others. While the particle origin of DM is not yet known, there have been a wide range of possibilities discussed so far, all within beyond standard model (BSM) frameworks. Although among the standard model (SM) particles, neutrinos satisfy some of the criteria for being a good DM candidate, yet they remain relativistic at the epoch of freeze-out as well as matter radiation equality, giving rise to hot dark matter (HDM) which is ruled out by both astrophysics and cosmology observations. Among the BSM proposals, the weakly interacting massive particle (WIMP) paradigm is the most popular one. In this framework, a dark matter candidate typically having mass in the GeV-TeV scale and interaction rate similar to electroweak interactions can give rise to the correct dark matter relic abundance, a remarkable coincidence often referred to as the WIMP Miracle. Such interactions enable the WIMP DM to be produced in thermal equilibrium in the early Universe and eventually its number density gets frozen out when the rate of expansion of the Universe takes over the interaction rates. Such DM candidates typically remain non-relativistic at the epoch of freeze-out as well as matter radiation equality and belong to the category of Cold Dark Matter (CDM).
Since WIMP dark matter has sizeable interactions with the SM particles, one also expects that the same interactions will enhance the testability of such DM candidates as they can scatter off nuclei kept in a detector. Several direct detection experiments have been designed with this spirit but till date, no such DM-nucleon scattering has been observed in any of the experiments. The most recent dark matter direct detection experiments like LUX, PandaX-II and Xenon1T have also reported their null results [5] [6] [7] [8] . Similar null results have been reported by DM searches at collider experiments as well, for example a review of DM searches at the large hadron collider (LHC) can be found in [9] . Such null results for WIMP DM have motivated the particle physics community to look for other alternatives.
One interesting possibility is the warm dark matter (WDM) scenario where the DM remains mildly relativistic at the epochs of matter radiation equality and hence keeping such DM candidates at intermediate stage between HDM and CDM. Such DM candidates typically have masses in the keV regime which is intermediate between su-eV scale masses of HDM and
GeV-TeV scale masses of CDM. To be more appropriate, this classification is primarily done on the basis of free streaming lengths (FSL), the distance through which a DM particle can freely propagate. For detailed calculation of free streaming lengths, please refer to [10, 11] . A popular WDM candidate is a right handed neutrino, singlet under the SM gauge symmetry (and hence called sterile), having tiny mixing with the SM neutrinos leading to a long lifetime. For a recent review on such keV sterile neutrino DM, please see [12] . WDM can be motivating not only from the null results at the WIMP or CDM sector, but it can also solve some astrophysical structure related problems in CDM paradigm. For a recent review on such astrophysical problems related to small scale structure, please refer to [13] .
Due to the difference in their FSL, these different categories of DM can give rise to different structure formation which can be tested at galaxy survey experiments. For example, due to small FSL, the structures in a CDM dominated Universe keep forming till scales as low as the solar system which is in disagreement with observations at small scales [13] . HDM, on the other hand, erases all small scale structure due to its large free streaming length, disfavouring the bottom up approach of structure formation. WDM can therefore act as a balance between the already ruled out HDM possibility and the CDM paradigm having issues with small scale structures. Although such WDM can not be detected at typical direct search experiments or the LHC, it can have interesting signatures at indirect search experiments. For example, a sterile neutrino WDM candidate having mass 7.1 keV can decay on cosmological scales to a photon and a SM neutrino, providing an origin to the unidentified 3.55 keV X-ray line reported by two independent analysis [14] and [15] of the data collected by the XMM-Newton X-ray telescope.
Typically, keV WDM candidates are long lived having tiny mixing or couplings with the SM particles, making it difficult for thermal production in the early Universe. Several interesting proposals have been put forward addressing the issue of keV DM production in the early Universe, a summary of which can be found in the recent review [12] . On the other hand, such keV WDM can be thermally generated in the early Universe, if there exists a sizeable portal between DM and SM sectors. Interestingly, such a possibility exists naturally, in U (1) B−L extensions of the SM, where B and L correspond to baryon and lepton numbers respectively. This minimal and economical model generating non-zero neutrino mass has been studied for a long time [16] [17] [18] [19] [20] [21] . The most interesting feature of this model is that the inclusion of three right handed neutrinos, as it is done in type I seesaw mechanism of generating light neutrino masses, is no longer a choice but a necessity due to the requirement of the new U (1) B−L gauge symmetry to be anomaly free. We note that type I seesaw mechanism [22] [23] [24] [25] is the most minimal way of generating tiny neutrino masses and mixing as suggested by experimental observations [26] where three right handed neutrinos, singlet under the SM gauge symmetry are included. In typical WIMP or CDM studies within [27, 28] . In such a scenario, the abundance of WDM can be brought to the observed DM limits by late time entropy dilution mechanism due to the late decay of heavier right handed neutrinos [29] . In another U (1) B−L model with inverse seesaw mechanism for light neutrino masses [30] , such an overproduced keV DM was diluted by late decay of moduli fields. In such scenarios, we need to fine tune several Yukawa couplings in order to keep the mixing of WDM with light neutrinos small as well as to allow the late decay of heavier right handed neutrinos, after the decoupling of the lightest right handed neutrino.
In this article, we propose a different way to bring the overproduced DM density to the observed limits. We assume that, prior to the era of the big bang nucleosynthesis (BBN) that is typically around 1 s after the big bang, the Universe was dominated by some scalar field φ instead of radiation such that the energy density red-shifts with the scale factor a as follows
where n > 0. Such a possibility (coined as fast expanding Universe) where the energy density at early epochs redshifts faster than radiation leading to φ domination at early Universe but negligible at later epochs was first discussed in the context of WIMP dark matter by the authors of [31] . This is also extended to non-thermal or freeze-in DM models in [32] . In the above expression, n = 0 corresponds to the usual radiation dominated Universe. Here we consider the same φ dominated phase in the early Universe and find that the keV sterile neutrino DM in U (1) B−L model can be thermally produced in the early Universe but at the same time can be prevented from being overproduced. We constrain the parameters in the U (1) B−L sector along with the parameter n dictating the redshift of φ energy density from the requirements of producing the correct DM relic abundance in the present Universe.
This article is organised as follows. In section II we briefly discuss the minimal U (1) B−L model followed by the discussion of keV sterile neutrino DM in such model in section III. We briefly summarise the cosmology of a fast expanding Universe dominated by φ field in section IV followed by our results for keV sterile neutrino DM in section V. We briefly discuss some detection prospects of such keV neutrino DM in section VI and finally conclude in section VII.
II. THE MINIMAL
As pointed out earlier, the B −L gauge extension of the SM is a very natural and minimal possibility as the corresponding charges of all the SM fields under this new symmetry is well known. Also, the SM has an accidental U (1) B−L global symmetry motivating one to explore the scenario where this can be uplifted to a gauge symmetry. However, a U (1) B−L gauge symmetry with only the SM fermions is not anomaly free. This is because the triangle anomalies for both U (1) These triangle anomalies for the SM fermion content turns out to be
Remarkably, if three right handed neutrinos are added to the model, they contribute 
The Yukawa Lagrangian can be written as
and the scalar potential of the model will be
We choose the mass squared terms of H and χ to be negative so that the neutral components of them get nonzero vacuum expectation value (vev). We can present the scalar fields as
The minimization condition gives
The neutral scalar mass matrix becomes
The mass eigenstates H 1 and H 2 are linear combinations of h and φ and can be written as
Where
Mass terms of various scalar particles as derived from the potential are
From the kinetic term of the scalars we can write the mass of the new gauge boson as
Neutrino mass arises naturally through the type I seesaw mechanism. The neutral fermion mass matrix in (ν, N R ) basis can be written as
where
is the Dirac neutrino and M R = √ 2y M u is the right handed neutrino mass matrix. Assuming M D M R , the light neutrino mass matrix can be found as
which can give rise to the sub-eV scale neutrino mass as well as large leptonic mixing, if the strength and structure of M D , M R are appropriately chosen. with the singlet scalar χ is suppressed as ∼ O(keV/TeV). As the Universe expands, there will be an epoch at which the DM-SM interaction rate Γ will fall below the rate of expansion of the Universe, measured in terms of the Hubble parameter H. Here, the interaction rate Γ is defined as
where n DM is the number density of N 1 which we have considered to be equal to the the number density of a relativistic fermion following Fermi-Dirac distribution i.e.
g DM being the internal degrees of freedom of N 1 and ζ(3) = 1.20206 is the Riemann zeta function. The expression of σv for the annihilation process shown in figure 1 is given by
Where, q N and q f are the B-L charges for right handed neutrino and SM fermion f respectively while n c being the colour charge of f and Γ Z BL is the total decay width of Z BL , expression of which can be found in Ref. [38] . In the above expression s E is the Mandelstam variable which can be written as the square of energy in the centre of mass frame. As in our case, the particles are relativistic at the time of decoupling, we have replaced s E by 4(3.151T ) 2 where T is the temperature and 3.151T is the average momentum of a relativistic fermion following the Fermi-Dirac distribution. Further, the Hubble parameter in the radiation dominated era of standard cosmological scenario is given by
Here, g * (T ) is the relativistic degrees of freedom present at temperature T while M P l = 1/ √ 8π G is the reduced Planck mass. Using, equations (10)- (13), we compare the DM-SM interaction rate with Hubble rate in figure 2 for a benchmark choice of Z BL mass m Z BL = 3
TeV and three different choices of gauge couplings g BL . As expected, for larger values of gauge couplings, the DM can remain in equilibrium till later epochs. For the most optimistic choice of g BL , allowed for the chosen Z BL mass, the DM decouples at a temperature around 400 MeV. The situation is therefore similar to the way SM neutrinos decouple in the early Universe, while remaining relativistic and very different from the WIMP freeze-out case. Of course, the exact decoupling temperature (T f ) will depend on the choices of model parameters such as coupling constants and the mass of the different particles etc. but for most of the generic choices of parameters, the keV sterile neutrino DM will decouple while being relativistic. The calculation of final relic abundance of such species is fairly simple and following the standard prescription given by Kolb and Turner [39] , the present abundance of N 1 can be written as
where M N 1 is the mass of N 1 , g is the internal degrees of freedom and the factor 3/4 comes from the fact that N 1 is a fermion. In the above equation entropy and dilute the abundance of keV dark matter to bring it into the observed limit [29] .
As utilised for left right symmetric models by the authors of [27, 28] , it severely constrains the spectrum of heavier neutrino masses M model can be found elsewhere. Instead of pursuing the entropy dilution mechanism here, we consider a different cosmological history which can also bring such thermally overproduced relic below the observed limits. This is the main topic of discussion in the upcoming sections.
IV. FAST EXPANDING UNIVERSE
In the standard model of cosmology, the Universe prior to matter domination, was filled with radiation whose energy density scales with the size of the Universe (denoted by the scale factor a) as
Then there arises an epoch during BBN and recombination when matter starts to dominate over radiation. Since BBN predictions are well tested and we know for sure that the energy budget of the Universe was radiation dominated at that stage. However, there exists no such experimental evidence that suggest that the Universe to be radiation dominated throughout the epochs from the end of inflation (T RH ) to BBN. Since, DM physics may have some non-trivial phase during this long era T BBN < T < T RH , deviation from a purely radiation dominated Universe or standard cosmological history can have non-trivial impact on final relic abundance of DM. Specially, WIMP DM freeze-out typically occurs in this era and hence non-standard cosmology can definitely affect their abundance. Deviation from standard cosmological history and its implications for WIMP type DM's thermal relic abundance have been studied for a long time, for example see [40] [41] [42] [43] [44] [45] [46] [47] [48] and references therein. In this work, we consider a broad class of such non-standard cosmology where the Universe at very high temperatures was dominated by a field φ whose energy density varies with the scale factor a as
where n = 0 will restore the usual radiation dominated Universe or the standard cosmology.
As mentioned before, this was recently proposed in the context of thermal WIMP DM in [31] and later extended to non-thermal or freeze-in DM models in [32] . Here we use such non-standard cosmological history for a particular class of DM models where a keV neutrino plays the role of DM. As obvious from the above scaling of energy density, the energy density of the Universe will be dominated more and more by the φ field as we go to higher temperatures or smaller size (a). However, in order to reproduce the radiation dominated Universe around the BBN era, there should be an epoch before BBN where radiation must take over from φ. Adopting the notation of [31] , this epoch is identified by temperature T r where ρ φ (T r ) = ρ rad (T r ). Thus, the non-standard cosmological phase corresponds to T r < T < T RH where T r > T BBN . Now, the total energy density of the Universe in the very early epochs can be written as
where the usual radiation energy density ρ rad can be written as
with g * (T ) being the relativistic energy degrees of freedom given by
In the above expression g i denotes the internal degrees of freedom for species i. Now we can express the ρ φ as a function of temperature by using the fact that the total entropy must be conserved in a comoving volume. The total entropy S = sa 3 = constant, where the entropy density for radiation is
with g * s being the number of relativistic entropy degrees of freedom. Since the entropy for radiation and the φ field can be conserved independently, in the absence of any interaction between them, once can use entropy conservation for radiation to calculate the ratio of scale factor at T = T r and at any higher temperature T > T r . This gives
By using equation (16) and equation (20) one can express ρ φ as function of temperature
and this leads us to the total energy density as
Using equation (18) in equation (22) we can write
Using the Friedmann equation, we can write down the Hubble parameter as
which can now be rewritten using the effective relativistic degrees of freedom shown in (24) as
In the above expression, M Pl = (8πG) −1/2 = 2.4 × 10 18 GeV is the reduced Planck mass.
At T T r , assuming g * (T ) =ḡ * = constant for simplicity, the Hubble parameter can be approximated as
Similarly, for entropy density, we can write
where p = ωρ is the equation of state. Using the expressions for energy density from above discussion, the entropy density corresponding to φ field is
while for the usual radiation it is given by
Therefore, the net effective entropy density is given by
Thus, we can write the effective entropy degrees of freedom as
The equation of state parameter ω can be found for each value of n by comparing the evolution of energy density
with the scaling mentioned earlier ρ φ ∝ a −(4+n) , n > 0. For example, n = 1 corresponds to
. Similarly n = 2, 3, 4 correspond to ω = 1, respectively. Now it is clear from the above equation (27) that for T T r , Hubble parameter or the rate of expansion of the Universe is larger than what would have been for standard cosmology with n = 0. As the Universe expands faster than the standard scenario, the decoupling of DM (N 1 in our model) will also happen at an earlier epoch. In figure 3 we have shown the interaction rate of DM as well as Hubble parameter for different values of n. As can be seen from this figure, the DM interactions decouple from equilibrium plasma at earlier epochs for larger values of n. Another interesting feature is that the DM interactions were not always in equilibrium in the early Universe, it enters thermal equilibrium at some epochs and then departs at a later epoch. The duration between these two epochs is the shortest for larger values of n. From the behaviour of interaction rates and Hubble parameter in figure 3 , it is clear that if we choose even larger values of n 4 or different benchmark for U (1) B−L parameters, it may be possible that the DM interactions never attain thermal equilibrium in the early Universe. We however, do not discuss such a case in this work and leave it to future studies. 
V. KEV DARK MATTER IN A FAST EXPANDING UNIVERSE
In section III we have mentioned the over-abundance problem of keV DM in this model where we have taken m DM = 5 keV. We have also shown that to overcome this problem people have introduced the concept of entropy dilution in the early Universe which can be achieved by the out of equilibrium decay of some heavy particles after DM freezes out from the thermal bath. Here we propose a different possibility, namely the non-standard cosmological phase described in the previous section, to solve the over-abundance problem. T r (MeV)
Correct Relic 
Correct Relic Let us assume that DM decouples from the thermal bath at some temperature T > T r when the expansion rate was faster than the radiation dominated phase of standard cosmology. Now, in the present scenario, there exists a constraint on T r and n from the number of relativistic degrees of freedom present during BBN and this is given by [31] ,
Therefore, one can consider any values of n and T r obeying the above relation as well as the condition T f > T r . For the latter condition, we have to choose the U (1) B−L model parameters appropriately. Now, recall from equation (14)
Now in the non-standard cosmological scenario g * s = g eff * s is a function of T and T r as given by equation (31) and we can get the required relic density by adjusting the T and T r so that the correct value of g eff * s (x f ) is obtained. However, one also needs to make sure that the DM decouples at a temperature T f > T r where the value of g eff * s (x f ) takes the value which satisfies the requirement of producing the correct DM relic. According to the Planck data Ω DM h 2 = 0.1186 ± 0.0020 [1] and that requires g 5000. This range of g eff * s is chosen so as to get the desired DM relic within the error bars mentioned in (1).
On top of that we have to make sure that dark matter (N 1 ) also decouples from the thermal bath at the same temperature and that can be confirmed by using the condition
where as mentioned earlier in equation (10), Γ = n DM σv is the interaction rate and σv is the thermally averaged DM annihilation cross section which depends on the gauge coupling constant g BL , mass of the gauge boson m Z BL (see equation (12)). Moreover, n DM being the number density of our DM candidate N 1 . By using equations (10), (25) and (34) one can write
In figure 4 we have shown the combinations of T and T r which satisfy equation (35) The same is repeated for n = 3, 4 in figure 5 . As can be seen from these two plots, there are very small overlapping regions which satisfy both the relic density as well as will give the correct decoupling temperature. Another important point to note here is that both these plots contain the signature of the QCD phase transition below which the standard g * s suddenly drops and that can be understood from the sudden drop of decoupling temperature T f (red points) near few hundred MeV in figure 4 and figure 5 . From equation (31) it is clear that for n > 0, g eff * s decreases with increase in g * s (T r ). As T r is decreased below around 200 MeV, there is a sudden drop in g * s (T r ) and hence sudden increase in g eff * s . Therefore, in order to have the required value of g eff * s ∈ (4700 − 5000) at the decoupling temperature, there is a need for T f to drop to a lower value, as can be seen from figure 4 and figure   5 . It is also clear that as we increase the coupling constant g BL for a fixed value of m Z BL , DM interacts more and stays in equilibrium for a longer time leading to a lower decoupling temperature. On the other hand, for smaller gauge couplings the decoupling occurs at much earlier epoch. For example, in figure 5 , DM for g BL = 0.1 decouples earlier compared to the cases for higher values of g BL . Also, in both these plots, we can see that the correct DM relic is obtained for those values of T r which are much above the BBN temperature and hence are not going to be in conflict with successful BBN predictions.
VI. OBSERVATIONAL PROSPECTS
As mentioned earlier, such a keV neutrino DM having tiny mixing with SM neutrinos by virtue of Yukawa couplings, can decay into a photon and light neutrino at radiative level with W boson and charged leptons of the SM in loop. The corresponding decay width is given by [49] 
where θ denotes the mixing between N 1 and ν. From the observation of the 3.55 keV line, which can arise from the decay of a 7.1 keV sterile neutrino DM, the mixing angle which is in agreement with the observed flux is sin 2 2θ ≈ 7 × 10 −11 [14] . Such a mixing angle can be realised in our model by suitable adjustment of Yukawa couplings y ν . It should be noted that apart from this minimal framework explaining the 3.55 keV line, there exists other scenarios as well. Different possible keV DM scenarios that can give rise to such an X-ray line have been studied, see for example [50] . One can also generate such a signal in typical WIMP DM models if there are two quasi-degenerate DM candidates having mass splitting of 3.55 keV, allowing the heavier one to decay into the lighter one and a photon.
Such possibilities were discussed in [51, 52] among others. The alternative possibility of keV dark matter annihilation into monochromatic photons was also discussed very recently by the authors of [53] . Although the analysis of the preliminary data collected by the Hitomi satellite (before its unfortunate crash) do not confirm such a monochromatic line [54] , one still needs to wait for a more sensitive observation with future experiments to have a final word on it.
Another observational aspect of such keV DM is the astrophysical structure formation rates which is determined by the free streaming length. In particular, depending upon the DM free streaming lengths, the Lyman-α forest observations may get affected. The Lyman-α forest, produced by filaments of neutral hydrogen in the intergalactic medium along the line of sight to a distant quasar can depend upon the coldness of the DM which is present along with the baryonic fluid. For example, a hot DM component will broaden the lines while a cold component will make them more compact. For warm dark matter scenario like ours, where the momentum distribution of DM particles is proportional to a thermal spectrum, the free streaming length of DM can be estimated as [55] 
where p DM is the average momentum of DM particles and p ν ∼ 1 keV is the comoving momentum of light neutrinos at the epoch when thermally produced DM (N 1 with keV mass in this case) particles become non-relativistic (T ≤ M DM ≡ M N 1 ). For non-thermal origin of DM, such a simple formula for free streaming length is not valid and details of such cases can be found in the recent review [12] as well as the references therein. As can be seen from the above formula, for thermally produced sterile neutrino DM with mass in the few keV range, the free streaming length can be within a Mpc, as required by the Lyman-α forest data.
VII. CONCLUSIONS
We have studied the possibility of having a keV sterile neutrino dark matter in the minimal As pointed out in one such earlier work [27] , the correct late entropy dilution and the requirement of not producing the keV neutrino in the late decays of heavier neutrinos (which inject too much energy to the DM at late epochs, leading to the erasure of structures at scales above a Mpc) severely constrain the model parameters, which may not be consistent with the generation of light neutrino masses in the minimal U (1) B−L model like the one we discuss here. The model can therefore survive the phenomenological tests of correct DM abundance and light neutrinos masses if such non-standard cosmological phase is taken into account. As long as the heavier right handed neutrinos decay before the keV neutrino decouples, which can be realised naturally for generic Yukawa coupling and TeV scale heavy neutrino masses, the DM phenomenology is not going to depend upon the spectrum of heavier neutrinos.
We also comment upon the possibility of generating the unidentified 3.55 keV X-ray line claimed to be present in the XMM-Newton data in this model from radiative decay of a 7.1 keV dark matter into a photon and a light neutrino. Also, the free streaming length of such thermally generated keV dark matter can remain in the warm dark matter regime which has the potential to resolve the small scale structure issues that exist in the cold dark matter paradigm.
